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5HJDUGLQJGLVWULEXWHGSURGXFWLRQPDQ\GLVWULEXWHGYROWDJH
FRQWURO PHFKDQLVPV KDYH DOUHDG\ EHHQ LPSOHPHQWHG LQ WKH
LQYHUWHUV RI WKH ORFDOO\ LQVWDOOHG GLVWULEXWHG HQHUJ\ UHVRXUFHV
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39LQVWDOODWLRQDQGWKXVDQLQFUHDVHGSD\EDFNSHULRGIRUWKH
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GHYLDWLRQV YDOOH\ ILOOLQJ RU SHDN VKDYLQJ >@ >@  :KLOH
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DGYDQWDJHRI WKHFRQWURO V\VWHPGHYHORSHG LV WKDW LWGRHVQRW
UHTXLUH D FRPPXQLFDWLRQ QHWZRUN EHWZHHQ WKH GLIIHUHQW
KRXVHKROGV ZLWKLQ WKH /9 QHWZRUN QRU GRHV LW UHTXLUH UHDO
WLPH FRRUGLQDWLRQ EHWZHHQ KRXVHKROGV YHU\ IDVW DQG WKXV
H[SHQVLYHPHDVXULQJHTXLSPHQWHWF 7KHGHYHORSHGFRQWURO
V\VWHP RQO\ UHOLHV RQ FRPPXQLFDWLRQ EHWZHHQ WKH GLIIHUHQW
VPDUWDSSOLDQFHVZLWKLQRQHKRXVHKROGDQGRQO\XVHVORFDOO\
DYDLODEOHPHDVXUHPHQWVVXFKDVWKHKRXVHKROGVXSSO\YROWDJH
$VDUHVXOWWKHSURSRVHGFRQWUROV\VWHPLVHDVLO\LQVWDOOHGDQG
FRPSDWLEOH ZLWK '60 LQIUDVWUXFWXUH FXUUHQWO\ EHLQJ
GHYHORSHG VXFK DV KRPH JDWHZD\V DQG VPDUW PHWHUV
0RUHRYHU WKHSURSRVHGFRQWUROV\VWHPFDQDOVREHXVHGDVD
IDOOEDFN PHFKDQLVP IRU RWKHU FRPPXQLFDWLRQEDVHG '60
FRQWUROV\VWHPVZKHQFRPPXQLFDWLRQIDLOVRUZKHQWKHV\VWHP
KDVEHHQFRPSURPLVHGGXHWRF\EHUVHFXULW\LVVXHV>@7KH
GHYHORSHGFRQWUROV\VWHPZLOOEHUROOHGRXWLQDUHDOOLIHSLORW
ZLWKLQWKH/,1($5SURMHFW>@
7KLVSDSHULVRUJDQL]HGDVIROORZV6HFWLRQ,,GHVFULEHVWKH
VSHFLILFDWLRQV RI WKH GHYHORSHG FRQWURO V\VWHP 6HFWLRQ ,,,
H[SODLQVKRZWKHGHYHORSHGFRQWUROV\VWHPZRUNV6HFWLRQ,9
JLYHV VLPXODWLRQ UHVXOWV DQG WKH FRQFOXVLRQ RI WKH ZRUN DUH
JLYHQLQ6HFWLRQ9
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7KH GHYHORSHG FRQWURO V\VWHP ZLOO EH LPSOHPHQWHG DQG
WHVWHGLQDUHDO OLIHSLORW WHVWZLWKLQWKH/,1($5SURMHFW>@
IURPPLGXQWLOPLG+DYLQJWKHFRQWUROV\VWHPWR
EHUROOHGRXWZLWKLQH[LVWLQJKRXVHKROGVDQGWKHUHTXLUHPHQW
WR XVH UHDGLO\ DYDLODEOH HTXLSPHQW KDV D QXPEHU RI
FRQVHTXHQFHV LQ WHUPV RI FRQWURO V\VWHP VSHFLILFDWLRQV DQG
GHVLJQFKRLFHVWKDWZHUHPDGH
$OO PHDVXUHPHQWV ERWK ORFDO YROWDJH PHDVXUHPHQWV DV
ZHOODVHQHUJ\PHDVXUHPHQWVDUHRQO\DYDLODEOHRQDTXDUWHU
KRXU EDVLV  $OVR GHYLFH FRQWURO DFWLRQV DUH RQO\ VHQW HDFK
PLQ 6WLOO WKHPDLQJRDO RI WKH ORFDO FRQWURO V\VWHP LV WR
PLWLJDWH RYHUDQG XQGHU YROWDJHV GHILQHG DV YROWDJHV ZLWK D
PLQPHDQ UPV YDOXH IDOOLQJRXWVLGHRI8QRP $V D
FRQVHTXHQFH WKH FRQWURO V\VWHPZLOO QRW EH DEOH WR SHUIRUP
FRUUHFWLQJ DFWLRQV ZLWKLQ WKH PLQ WLPHIUDPH +RZHYHU LW
FDQEHDVVXPHG WKDW D UDWKHU ODUJHFRUUHODWLRQH[LVWVEHWZHHQ
WKHKRXVHKROG ORDGRIFRQVHFXWLYH WLPH VWHSV >@7KXVRQH
PD\ DOVR DVVXPH WKDW D UHODWLYHO\ ODUJH FRUUHODWLRQ H[LVWV
EHWZHHQFRQVHFXWLYHKRXVHKROGVXSSO\YROWDJHPHDVXUHPHQWV
MXVWLI\LQJ EDVLQJ FRQWURO DFWLRQV RQ SUHYLRXV YROWDJH
PHDVXUHPHQWV$OOVPDUWDSSOLDQFHVWKDWZLOOEHPDQDJHGE\
WKHFRQWUROV\VWHPDUHDSSOLDQFHVWKDWFDQRQO\EHVZLWFKHGRQ
RURII1RSRZHUPRGXODWLQJGHYLFHEHKDYLRULVSRVVLEOH7KH
VPDUW DSSOLDQFHV WKDWZLOOEHXVHGDUHZKLWH JRRGDSSOLDQFHV
LH GLVKZDVKHUV ZDVKLQJ PDFKLQHV DQG WXPEOH GU\HUV
HOHFWULFGRPHVWLFKRWZDWHUEXIIHUVDQGHOHFWULFYHKLFOHV
$ SULPDO UHTXLUHPHQW RI WKH SLORW WHVW LV WKDW FRPIRUW
VHWWLQJVRIHDFKKRXVHKROGDUHSUHVHUYHG7KLVPHDQVWKDWIRU
H[DPSOH DQ DSSOLDQFH FDQ QHYHU EH VZLWFKHG RII LI WKH XVHU
DEVROXWHO\ UHTXLUHV LW WR UXQ HYHQ LI VZLWFKLQJ RQ FDXVHV
YROWDJHLVVXHV
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7KH IXQFWLRQ RI WKH GHYHORSHG FRQWURO V\VWHP IXUWKHU RQ
FDOOHGWKHµGLVFUHWHGURRSFRQWURO¶LVWRSUHYHQWRYHUDQGXQGHU
YROWDJHV RQ D GLVWULEXWLRQ IHHGHU ZLWK RQO\ ORFDO LQKRXVH
PHDVXUHPHQWV WDNHQ LQWR DFFRXQW  7KH FRQWURO V\VWHP EDVHV
KLVGHFLVLRQ WR VZLWFKRQRURII DFHUWDLQ VPDUWGHYLFHRQ WKH
PHDVXUHGKRXVHKROGVXSSO\YROWDJHRI WKHSUHYLRXV WLPHVWHS
,I DQ RYHUYROWDJH LV GHWHFWHG DQG WKHUH DUH GHYLFHV DYDLODEOH
ZLWKLQ WKH KRXVHKROG ZKLFK DUH DEOH WR EH VZLWFKHG RQ WKH
FRQWUROV\VWHPJLYHVWKHFRPPDQGWRVZLWFKRQ$QDQDORJXH
SURFHGXUHLVIROORZHGDWXQGHUYROWDJHLQVWDQWV,IQRXQGHURU
RYHUYROWDJHV DUH GHWHFWHG WKH GHYLFHV VZLWFK RQRII DW WKHLU
GHIDXOWEHKDYLRU7KHSKLORVRSK\EHKLQGWKHGHYHORSHGFRQWURO
V\VWHP LV WKH ZHOONQRZQ GURRS FRQWUROZKHUH DFWLYH DQGRU
UHDFWLYH SRZHU LV XVHG WR FRQWURO YROWDJH DQGRU IUHTXHQF\
GHYLDWLRQV >@>@  ,Q WKH FODVVLF GURRS FRQWURO ZLWKLQ /9
QHWZRUNV RQO\ GHYLFHV KDYLQJ DQ LQYHUWHUOLNH IURQWHQG DUH
XVHGDVWKH\DUHDEOHWRUHDFWLQVWDQWDQHRXVO\DQGFDQFKDQJH
WKHLU SRZHU RXWSXW OLQHDUO\ EHWZHHQ D PLQLPDO DQG PD[LPDO
YDOXH +HUH KRZHYHU  WKH FODVVLF GURRS FRQWURO LV WUDQVODWHG
WRZDUGVRQRIIVZLWFKLQJGHYLFHVZLWKORZUHDFWLQJWLPHV
$ 'HYLFHSULRULW\
7KH SULRULW\ RI D VPDUW DSSOLDQFH LV GHILQHG DV DQ
LQGLFDWLRQ RI LWV VWDWHZLWKLQ LWV IOH[LELOLW\ ZLQGRZ :KHQ D
GHYLFH XUJHQWO\ QHHGV WR VZLWFK RQ WR SUHVHUYH WKH FRPIRUW
VHWWLQJVRIWKHXVHULWVSULRULW\LVKLJK:KHQLWVWLOOKDVVRPH
WLPH OHIW EHIRUH LW QHHGV WR VZLWFK RQ LWV SULRULW\ LV ORZ
3ULRULW\LVGHILQHGDVEHLQJDQXPEHUEHWZHHQDQG
7KH GHYLFH SULRULWLHV DUH VHW WR LQFUHDVH OLQHDUO\ WR WKH
H[SLUDWLRQ RI WKH IOH[LELOLW\ GHDGOLQH 7KH SULRULWLHV RI WKH
VPDUWGHYLFHVDUHWKHQFDOFXODWHGDFFRUGLQJWR
• :KLWHJRRGDSSOLDQFHVDQGHOHFWULFYHKLFOHV
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ZLWKWWKHFXUUHQWWLPHVWHSWVHWXSWKHWLPHDWZKLFKWKHXVHU
VHWVXSWKHGHYLFHWGHDGOLQHWKHWLPHDWZKLFKWKHDSSOLDQFHKDV
WR KDYH FRPSOHWHG LWV F\FOH 6R& WKH VWDWH RI FKDUJH RI WKH
EXIIHUDQG6R&PLQ WKHPLQLPDODOORZHGVWDWHRIFKDUJHRI WKH
buffer, as set by the user. For an electric vehicle, tdeadline equals 
the expected time of departure. 
B. Switch merit order 
The control system needs to decide which devices to switch 
on or off.  In order to do so, a ‘merit order’ is defined.  The 
merit order is based on the priorities of the smart appliances, 
and on the measured voltage.  Thus, the developed control 
system only relies on the available ‘state information’, no 
future/past behavior of the appliances is included in the control 
system calculations, nor does it take into account voltage 
predictions, etc.  This lowers the requirements, and thus the 
costs, for computational capacity of the in-house control 
system.  
The principle of setting the switch merit order is shown in 
Fig. 1.  It shows that when a certain under or over voltage limit 
is reached – the Lower and Upper Droop Limits respectively – 
a load will switch on or off.  The respective smart appliances 
are graphically represented by the rectangles L1, L2, L3 and 
L4.  The height of a rectangle represents the power that the 
load will consume or stop consuming during the next time step.  
When a voltage higher than the Upper Droop Limit is 
measured, the device with the highest priority is switch on first.  
When a voltage is measured below the Lower Droop Limit, the 
device with the lowest priority is switched off or delayed first.  
In the example given Fig. 1, L1 has a higher priority than L2. 
and L3 has a lower priority than L4. 
Schematic overview of switching merit order. Fig. 1.
The switching merit order is updated every time step (15 
min.). 
When the measured voltage falls between the Lower and 
Upper Droop Limits, the smart appliances fall back to their 
default behavior.  For the white good appliances and the 
electric vehicles, the chosen default behavior is defined as 
switching on in the middle of the flexibility window, i.e. 
halfway between tdeadline and tsetup.  For the electric hot water 
buffers, the default behavior is defined as switching on at a 
SoC halfway between SoCmin and a SoC of 100%, and 
switching off at a SoC of 100%.  In that way maximal 
flexibility for compensating under-voltages as well as over 
voltages is available.  Note that the switching merit order of 
devices to switch on at over voltage only contains the devices 
that have no intention to switch on in their default behavior.  
Analogously, the switching merit order of devices to switch off 
at under voltage only contains the devices that have no 
intention to switch off in their default behavior. 
When the priority of a device has reached 100, i.e. maximal 
priority, the device always switches on, whatever the measured 
voltage was. Analogously, when the priority of a device 
reaches 0, i.e. minimal priority, the device always switches off.  
This makes sure that the comfort settings of the user always 
override control system behavior, a primal requirement within 
the pilot test.  
Design choices to be made when calculating the switching 
merit order are the definition of the Upper and Lower Droop 
Limit.  Also both the angles upper a. .nd lower (see Fig. 1) need 
to be chosen in order to define at which measured voltage each 
smart appliance needs to switch on or off.   
IV. SIMULATIONS 
A. Simulation Scenario 
1) Feeder selection 
Simulations were carried out to test the developed control 
system.  The simulations were run on an existing distribution 
feeder that will be equipped with the control system during the 
pilot test.  The feeder (230/400V nominal voltage, 50Hz) is 
located in Flanders, Belgium, and has a TT grounding 
arrangement.  The feeder has a three-phase topology, with 
both underground and overhead connections. The topology is 
depicted in Fig. 2.  All inter house feeder connections up to 
node 17 are of cable type EAXVB 1 kV 4x150 mm², and run 
underground.    
From node 22 to the feeder end, the cable type is EXVB 1 
kV 4x70 mm².  The cable parameters, provided by the DSO, 
are listed in TABLE I. . The voltages on the feeder are 
calculated using a backward-forward sweep static load flow. It 
holds into account the three-phase unbalance and is 
implemented in MATLAB [20]. 
CABLE PARAMETERSTABLE I. 
Cable Type Impedance at 20°C 
EAXVB 1 kV 4x150 mm² 0.294 + 0.077j /k m 
/k m 
/k m 
EXVB 1 kV 4x70 mm² 0.268 + 0.249j 
BUAL 1 kV 4x70 mm² 0.443 + 0.353j
2) Smart households 
Fig. 2 shows that 15 out of the 38 households are smart 
households, i.e. one or more smart appliances are installed in 
the households. TABLE II. indicates to which grid nodes the 
smart households are located, and gives the lengths of the 
cables used to connect the households to the feeder.  Columns 
WM, DR, DW and HWB indicate the presence of a 
controllable washing machine, tumble dryer, dishwasher and/or 
electric hot water buffer respectively. A total of 4 electric 
vehicles are also present as smart appliances, their location 
however is not fixed:  during the pilot test, the vehicles switch 
HOUSEHOLDS EQUIPPED WITH SMART
Feeder topology selected for simulations, the inter house connections are drawn to scale. Fig. 2.
owners each few weeks. Twelve households have a PV 
installation, their size is also given in TABLE II. . 
3) Profiles 
a) PV installations 
PV Installations larger than 5.9kWp are assumed to be 
three-phase connected, as required by regulation. The PV 
profiles used are derived from measurements on one existing 
installation. Then, the PV profile is scaled to match the kWp 
sizes shown in TABLE II.  
b) Household Load Profiles 
Each simulation, a random set of 38 load profiles are 
selected from an available set of 100 measured household load 
profiles.  The available load profiles are statistically 
representative for the population in Belgium, and were 
measured on a 15 min. basis.  Only the active power was 
measured, so reactive power is neglected in the simulations. 
All smart appliance profiles (white good, EV, electric hot 
water buffer), as well as PV profiles are added up to these 
household profiles where applicable. 
. TABLE II. 
House Node Dist [m] WM DR DW HWB PV [kWp]
2 4 17 x x 
5 7 15 x x x 
6 8 15 x x x 3,5 
7 9 13 x x x x 5,6 
11 14 13 x 
 5 31 51 21
 3,11 41 71 41
16 19 35 x x x 4,2 + 14,3 
 5,7 53 91 71
18 19 25 x x x 4,6 
20 20 15 x 
 8,2 52 12 32
 6,5 52 22 52
26 22 20 x x 5,8 
27 23 35 x x x x 
30 24 25 x x 
31 24 30 x x x 
32 25 27 x x 5,9 
36 26 15 x x 
37 28 20 x x x 
 4,5 02 92 83
c) Smart appliances: white goods 
The power profiles of the dishwasher, washing machine 
and tumble dryer are based on synthetic models of the 
respective appliances [21].  These white good appliances are 
smart appliances in the sense that their start time can be 
postponed.  When the user sets up the devices, he/she needs to 
provide a deadline, i.e. when the device needs to have 
completed its cycle.  In the simulations is assumed that the 
users postpone the deadline randomly, with a normal variation 
with a mean of 4 hours and a standard deviation of 1 hour.  
The setup times of the white good appliances is assumed to 
vary according to measured setup times of the respective white 
good appliances in a submetering campaign.  In the pilot test, 
the smart white good appliances are unable to interrupt their 
running cycle. 
d) Electric Vehicles 
As previously mentioned, a total of 4 electric vehicles are 
randomly distributed over the smart households.  The vehicles 
are assumed to have a single-phase connection.  Their arrival 
and departure times are based on an availability study, based 
on Flemish mobility behavior, given in [22]. It is assumed that 
the EVs only charge at home and are plugged in each time 
they arrive there. The discrete charging power and battery 
capacity are identical to the specifications of the Renault 
Fluence [23], which will be used in the pilot test.  In the pilot 
test, the charging of the electric vehicle can be paused at any 
instant.   
e) Electric domestic hot water buffer 
The electric hot water buffer is modeled after [24]. The 
buffer parameters used for modeling are those of a Siemens 
DF2017 as this is the buffer deployed in the pilot test.  The 
buffers in the pilot test are able to switch on or off at any 
instant, provided that the State of Charge (SoC) does not fall 
below the minimal allowed SoC, or rises above a SoC of 
100%.  In [24] is explained how the SoC of the electric hot 
water buffer  is calculated. 
APPLIANCE(S) AND/OR PV INSTALLATION
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